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INTRODUCTION. --The importance of hardening the SAFEGUARD
System to EMP was established in the turbulent arguments of com-
plexity and potential vulnerability of any ABM system during the
deployment debates of the late 1960s. During the course of the
considerable effort to achieve the operational Grand Forks Tactical
Site, a unique problem was posed by the over 40 miles of buried
conduits which formed part of the shielding for the control and
power cables connected to each missile cell. Since these conduits
were Buried less than a skin depth deep, they constituted major
receiving antennas for EMP and lightning. It was recognized that a
nondestructive test technique was needed that would permit verifi-
cation of the shielding provided by the conduits, initially to
verify adequacy of construction, and periodically through the
system life to insure that rust, freezing, or ground movement had
not degraded the conduit system in such a way as to campramise the
protection afforded by it. The Harry Diamond Laboratories was
tasked by the SAFEGUARD Systems Command to develop such a technique.
A survey of methods used by oil campanies, power campanies, and
other users of pipelines and conduits disclosed that no technique
was available which would be suitable for an EMP threat-relatable
assessment. A program was initiated to proceed through several
phases to identify possible approaches, to experimentally evaluate
the most promising ones, and to develop and field the one most
suited for inclusion in the SAFEGUARD Protection Integrity Main-
tenance Program (PIM). Shortly after the PIM Program began, water
was discovered pouring out of some of the power and communications
conduits during cable pulling at the missile fields, and a sense of
urgency and increased visibility were added to the effort.
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Technically, the problem was to test the shielding provided by
2-and 4-in. steel conduits containing power or control cables
buried at depths from 6 to 12 ft and to determine how to measure
the effects of single and multiple flaws in the conduits when exposed
to EMP fraom a high-altitude nuclear burst. The conduits were laid
in a network of conduit banks of varying cross section with as many
as 35 conduits near terminal structures and eventually as few as one

or two conduits at the entry points to missile launch stations, The
conduits were located at five missile sites with typical conduit
lengths varying from 100 to 500 ft between shielded structures
(manholes, terminal structures, control buildings, and missile cells).
As the conduit banks proceeded from power or control cable distribu-
tlon polnts out into the missile fields, groups of conduits were
directed away from the main conduit runs at manhole structures or at
branch points in the missile fields. This situation posed a com-
plexity in terms of conduit current sharing which had to be resolved
to conduct a threat analysis. Since the conduits were buried in
earth in close proximity (compared to a skin depth for wavelengths
of interest for EMP) in the conduit banks, it was clear that there
should be some current sharing, with outer conduits probably carry-
ing more of the current than inner ones. What was not clear was

how the sharing would go and how to account for it in relating any
kind of test data to the EMP threat, which had been formulated
analytically in terms of the current which would be induced on a
single conductor, taking into account soil conductivity, depth of
burial, and other relevant parameters. Little was known about what
kind of flaws might exist in conduit systems which would be important
from an EM shielding standpoint. It was apparent that a detailed
knowledge of classes of probable types of flaws would be required
since it was improbable that a technique would be developed which
would exactly duplicate an EMP excitation. Hence, supporting analysis
would require a knowledge of characteristics of flaws as a function
of frequency and amplitude. To this end, a program of field and
laboratory tests on conduits and types of possible flaws was under-
taken at the Woodbridge Research Facility. The program began with
studies of a single buried conduit and laboratory transmission-

line measurements on single flaws and progressed in stages to more
complicated field test models. Since the conduits were constructed
by joining 10-ft lengths of steel pipe together with threaded coup-
lings and unions, several joint-type flaws were possible, including
rusted threads and loose and misaligned unions, as well as cracked,
fractured, rusted, or improperly assembled conduit sections and
flex-joints.
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It was decided to concentrate the HDL resources on EM tech-
niques, since these appeared to offer the greatest potential for
achieving a threat-relatable assessment. Another factor was that
other organizations were conducting visual inspections of the inter-
ior of the conduits by use of miniature television cameras and
doing air-leak testing. Altogether, five EM techniques were tried
out on the single and five conduit test models, which contained var-
ious flaws (broken conduit, rusted couplings, and the like). Two
CW techniques (1,2) were evaluated through contractor efforts and
three time-domain techniques were tried using HDL developed simulation
equipment which was tailored to suit the conduit application. CW
techniques were found to be inferior to the pulsed techniques in

testing at the conduit test models, especially when multiple flaws
were present in a conduit.

THE INVENTION OF PLACER.--Figure 1 shows a dual-loop version
of Pulsed Loop Antenna Conduit Electromagnetic Radiator (PLACER)
used during the preliminary experiments to excite a buried conduit.
The loops were driven in parallel by discharging a storage capacitor
across a spark gap in series with each loop terminated in 40 ohms.
Thus PLACER was simply a pulse-driven series LRC circuit. The
initial experiments were conducted using a test model which con-
sisted of a 2-1/2-in. ID conduit, 100 ft long, which was buried at
a depth of 3 ft. One end of the conduit was secured to a shielded
instrumentation box, while the other end was sealed with a threaded
end cap. Both ends of the conduit were grounded using 4-ft-long
ground rods driven into the earth. Conduit current was measured
by using a clamp-on type of current probe. Inside the conduit,

a cable (sense wire) extended the entire length of the conduit and
was terminated in the characteristic impedance of the conduit-sense-
wire transmission line. Current which was coupled onto the sense-
wire at the conduit flaw was monitored inside the shielded enclosure
by using an oscilloscope and a camera. The oscilloscope was

powered by a storage battery and invertor.

In order to couple current onto the conduit, PLACER was
positioned about 1 ft aboveground and parallel to the ground. When
the center of the loop was directly over the buried conduit, the
conduit current was zero, and the current was observed to reverse
polarity as the loop was moved in a perpendicular direction across
the conduit. In this manner, it was possible to locate the buried
conduit very precisely by observing the nulling effect in the
conduit current or in the sense-wire current when a conduit flaw was
present. The optimum range for coupling the maximum current onto

the conduit was 5 ft between the center of the loop and the point
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directly above the conduit opposite PLACER. Figure 2 shows the
waveform of the conduit current which was measured opposite PLACER
when it was positioned 5 ft from the conduit. The breakdown voltage
was 85 kV.

40 G2
PULSER RESISTORS

Figure 1. Experimental Dual-Loop Version of PLACER.

Figure 2. Conduit Current Waveform, 26.6 A/div, 500-'ns/div.
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During the course of the preliminary experiments, several
spark gap pulsers were used to drive the 9-ft-diameter, two-turn
parallel loop antenna. The pulser breakdown voltage and storage
capacitance were varied to determine their influence on the current
coupled onto the buried conduit. The peak conduit current increased
linearly as the breakdown voltage was varied from 20 to 100 kv
however, the conduit current waveform was not significantly different
for a storage capacitance of 5nF, 0.3 ME or LuF. Hence, the wave-
form was determined primarily by the loop diameter and the combined
20-ohm load resistance used throughout the experiments.

Figure 3 shows a cutaway view of the experimental arrange-
ment for the preliminary evaluation of the PLACER technique for loca-
ting conduit flaws, using the single buried conduit. The conduit
fault was a 5-in. transverse slot introduced into the conduit. The
sense wire was lying inside the 2-1/2-in. ID conduit opposite the
upward turned slot. The variation of the peak conduit current with
perpendicular range from the conduit is shown in figure 4. With
PLACER positioned at the optimum distance of 5 ft from the conduit,
PLACER was moved parallelto the conduit. The peak conduit current
for the parallel sweep along the conduit is shown in figure 5. A
similar plot of the peak sense-wire current resulting from the trans-
verse slot is shown in figure 6. The strong peaking effect shown
in figures 5 and 6 resulted from the combined effects of the
localized excitation from the loop antenna and the attenuation of
the current pulses as they propagated down the conduit, which was
surrounded by the lossy earth medium. The more pronounced peaking
effect in the sense-wire current resulted from the fact that the
slot preferentially coupled higher frequency current onto the sense
wire. When a rusted coupling was introduced as the conduit flaw,
the peaking effect and the waveform of conduit and sense-wire cur-
rents were similar ( datanot shown).

SAFEGUARD SYSTEM DEVELOPMENTAL TESTING.--In October 1973
a significant opportunity was exploited to test the feasibility
of the three best approaches at one of the Sprint Launch Sites
(RSL 1) as an added effort in an EMP test. This test also provided
a vehicle to resolve the current sharing problem. In support of
a Corps of Engineers program to evaluate the hardening provided by
the site construction, HDL developed a portable 250 kV biconic-
dipole repetitively pulsed simulator (fig. 7) which could be
suspended from a crane. The test plan was expanded to include
digging two shafts so that conduit current measurements could be
made during the EMP testing on a bank containing 20 conduits. In
addition, it was possible to arrange for clamp-around current probes
to be attached to conduits at the Missile Site Radar (MSR)
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Collocated Missile Field so that PIM experimentation and calibration
could be conducted there as well as at the RSL 1 test site. The
tests were made possible by the expedited development of 5-in.
window Stoddart current probes which were sized to fit in the con-
duit banks.

%
. ,..;_“"‘- .
’ ~r = i

Figure 7. 250-kV Bicone-Dipole EMP Simulator at RSL 1.

The conduit testing at RSL 1 cansisted of conduit current
measurements with the conduits excited by the bicone-dipole simu-
lator (fig. 7) and by the 85-kV version of PLACER (fig. 1). The
conduit current measurements indicated that both the EMP simula-
tor and the pulsed loop exhibited similar conduit current distribu-
tions among the conduits in the bank and that the greatest current
in both cases appeared on corner conduits, with outer conduits
having the effect of shielding inner cnes, as expected. Subsequent
measurements on a single buried conduit in the v1c1n1ty of a missile
cell showed that the current on a top corner conduit in a bank was
25 percent of that induced on a single buried conduit. These data
provided the scaling needed to relate test calibration data taken on
a top corner conduit to the single buried conduit analytical threat
current, as well as prov1d1ng a direct accounting for conduit cur-
rent sharlng The testing at RSL 1 also provided a bonus which was
to be significant to the program. The conduit illumination by the
EMP simulator was being monitored by measurements of current in-
duced on Launch Enable and Status Order (LE and SO) cables
inside the Remote Launch Operations Buildings (RLOB). It was
discovered that relatively large currents were coupled onto the
cables inside the conduit leading to Sprint Cell 8. This dis-
covery did not correlate with the results of earlier air-leak
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testing, which had not identified a major air leak in this conduit
but had indicated only a minor one near the RLOB. This prov1ded an
opportunity to demonstrate PLACER flaw location technlque in situ in

a missile field; however, there were several difficulties which had
to be overcome.

The ccnstruction and equipment  installation activities

. underway at the time precluded EMP test operations except at night at

RSL 1. The PIM activities constituted therefore an added effort to
an already time-constrained test schedule, and the presence of
additional current and field pulses from the loop could conceivably
interfere with the principal test objectives. Consequently, the
PLACER testing had to be conducted on a noninterference basis with
the EMP test. The early experimental version of PLACER was then con-
figured so that it had to be taken apart to be moved. This problem
was overcame by constructing a crude sled of plywood and two-by-fours
and by tying the pulser and antennas to the sled. The weather during
the testing was seasonal for October and November in North Dakota.
The 20-knot winds and near zero temperatures cambined with the snow
had been a hindrance up until this point. However, the snow and ice
made it somewhat easier to drag the sled along81de the locus of the
conduit bank. The major flaw was located very near the missile cell,
and a minor flaw was also located near the RLOB. The PLACER tech-
nique described earlier caused a current nulling when the antenna
was directly over a conduit and a reversal when it was moved to the
opposite side of the conduit. This property was used to verify that
the flaw was in the conduit itself rather than a shielding deficiency
in the missile cell.

The supplementary testing at the MSR Collocated Missile
Field verified that three pulsed techniques (the pulsed transmission
line, the pulsed dipole (3) and PLACER) were capable of driving
adequate currents on conduits for testing and further verified the
test calibration approach which was adopted. The unique ability of
PLACER to locate flaws as well as to indicate their presence and
magnitude led to further development of PLACER as the test technique

for both the initial assessment and subsequent PIM testing of the
missile field conduits.

THREAT ANALYSIS.--While the PLACER technique is adequate
for detecting and locating conduit flaws, it does not simulate a
nuclear EMP environment. The frequency content of PLACER induced
conduit current is limited by the loop dimension, while the current
amplitude is determined by the breakdown voltage of the spark gap.
Therefore, a threat-relatable conduit assessment using the PLACER
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requires additional and complementary information concerning the

characteristics of conduit flaws and propagation of currents within
the conduit system.

_ The current induced on an interior cable at the site of a
conduit flaw can be described in terms of a flaw impedance ( a

characteristic of the flaw), the current on the outer surface of the
conduit, and the characteristic impedance of the conduit-cable

transmission line. In the frequency domain, these quantities are
related by

Io(w) Zp(w)

(1) I(w) =
2Zo0 t Zr(w)

where w is the angular frequency, I (w) is the induced current,
Io(w) is the conduit current, Zp(w) is the flaw impedance, and Z, is
the characteristic impedance of the conduit-cable line. The total

cable current at any point y in the conduit system can then be
expressed as

(2) Ig (w,y) = Io(w) H(w,y)

where H(w,y) is the Fourier transform of the system response to a
unit impluse current. The system function H(w,y) is completely
determined by the transmission-line characteristics and load impe-
dance of the condult-cable line. For most cable configurations at
SAFEGUARD, H(w,y) is derivable from simple transmission-line consid-
erations. In other cases of interest, the impulse response can be
determined by cbserving the PLACER induced cable current at selected
points along the cable route. Considering the length of the cables
(500 to 1500 ft), the PLACER induced conduit current (and hence
induced cable current) approximates an impulse (4).

Equation (2) can be readily transformed to express the
total cable current as a function of time. The calculated cable
current can then be compared with the current levels which cause
upset or damage to the system. These current levels have been
determined by the weapons system contractors (5,6).

In most cases, Zp is much less than Z,. When it is not,
the cable current becomes comparable to the conduit current, in
which case the conduit should be repaired. For the special case of
a completely broken conduit, Zr is infinite, and equation (1)
becomes Io(w) = Io(wW).

10
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Equation (1) can be rewritten for the case I, {«( I, (small flaws):

27 I (w) Zpw)  Ig(w)
3) Zrw) = —————— ,or =
Io(w) 274 I.(w)

Therefore, in order to characterize each type of conduit flaw, it is
sufficient to measure Ig(w)/Ic(w) over the appropriate frequency
range. A study of the conduit flaw characteristics was conducted in
the laboratory (4). These experiments used current injection tech-
niques to couple current onto the outer surface of a short section
of conduit into which flaws were introduced one at a time. The con-
duit contained a sense wire terminated at both ends in the charac-
teristic impedance (100 ohms) of the conduit-sense-wire transmission
line. The ratio of the sense-wire current to conduit current was
monitored as a function of both time and frequency to measure the
transfer characteristics of apertures, rusted couplings and unions,
and thin flexible sections of conduit (flex-joints). The coupling
through apertures was observed by first increasing the length of a -
0.040-in.-wide transverse slot in the conduit from 1 to 5 in. and
then increasing the slot width from 0.040 to 2 in. The coupling
through rusted connectors was investigated at currents both below
and above the threshold currents required to produce ar01ng across
the rusted surfaces. It was considered necessary to investigate
nonlinear effects, such as arcing, because the field tests using
PLACER are conducted at currents far below the threat-level currents
which could cause arcing.

Based on the laboratory studies, the following general
statements can be made concerning the coupling of EMP induced
currents through conduit flaws:

1) Below 10kHz, the thin-wall flex-joints provide roughly 100 dB
of shielding and w1th increasing frequency the shielding improves
considerably. The low frequency shielding is directly proportioned
to the wall thickness of the flex-joint.

2) Coupling through apertures increases linearly with frequency.
The magnitude of the coupled current (although quite small in the
EMP frequency range) is proportional to the third power of the cir-
cunferential length and to the first power of the longitudinal
length.

gt3) A properly installed clean coupling or union provides more
than 140 dB of shielding. However, if the joint is rusted or dirty
so that no metal-to-metal contact is provided, and if arcing does
not occur, then the resulting flaw impedance (which can be very

11
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large in the case of rust) is predominantly resistive. In this case,
the induced sense-wire current waveform is nearly identical to the
exciting conduit waveform. When the conduit current is sufficient
to induce arcing, the ratio of the sense-wire current to conduit
current is reduced, although the two current waveforms in this case
are quite dissimilar. Thus, the onset of arcing functions as a
protecting mechanism by reducing the flaw impedance. Although most
of the rusted joints studied were observed to arc, the experimental
results indicate that it s not possible to predict a threshold
conduit current at which arcing will begin,

4) In performing a threat-related analysis using PLACER test
data, the visual inspection of the data identifies the flaw as being
either an aperture flaw or a joint-type flaw, and the amplitude of
the PLACER data fixes its magnitude over the frequency range of the
PLACER test data. This amplitude coupled with the frequency depen-
dence common to the class of flaw provides the frequency-dependent
flaw impedance for a convolution integration with the threat conduit
current. For a joint-type flaw, this frequency dependence is

(4)  Zp = Constant
For an aperture flaw, the frequency dependence is
(5 ZF= kiw,

where k is a constant and i is V-1 . The frequency dependence of a
flex-joint is also known (4). However, the likelihood of detecting
one exhibiting the referenced frequency dependence is remote, even
in the extreme case of corrosion, since apertures would appear long
before the wall thickness would become thin enocugh to produce a
measurable flaw. Corroded flex-joints would therefore first appear
as aperture flaws. The conclusion of the testing of the various
types of flaws was that only circumferential joint-type flaws were
important (e.g. broken conduit, rusted couplings, or other flaws
which introduce a significant flaw impedance into a conduit), and
for these, the flaw impedance is a constant over the frequency
range of interest.

THE FIELDED PIM TEST USING PLACER.-~The testing was con-
ducted in two phases using PLACER in a 30kV cart-mounted single-loop
configuration with an on-board power supply powered by a small 12-V
battery. In the first phase, the PLACER unit (fig. 8) was pulled
along both sides of the conduit bank at a range of 9 ft between the
center of the loop and the center of the conduit bank. The cables
inside each conduit (power or LE and SO) were monitored using a

12
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clamp-around current probe at the cable entry point to the RLOB or
at a manhole. A current probe was connected to a voltage pulse
level detector. The level detector was adjusted to give an alarm
if current pulses above a predetermined sure-safe level were induced
on the cable as PLACER was moved along the conduit bank. When a
signal was detected above the threshold level, the location was
noted and marked for subsequent flaw location. The second phase of

‘ testing consisted of precision flaw location in which PLACER was
moved in a prescribed fashion (7) in the vicinity of the location
where the flaw was detected, and measurements were made as a

’ function of loop position by using an oscilloscope (fig. 9).
Following the testing of all of the conduits at the missile fields
(8), a threat analysis was performed (4), and those flaws which

} posed a potential threat to the system were excavated and repaired.
The PLACER was then used again during repair operations (fig. 10)

) to verify adequate repair.

Figure 8. (Left)
PLACER Flaw Detection
at RSL Site.

Figure 9. (Right)
Instrumentation for Flaw
Location at RSL Site.

13
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Figure 10. PLACER Conduit Repair Verification at MSR Site.

CONCLUSIONS.~--The development of PLACER has provided the
Army with a means for testing the shielding of buried conduits in
hardened facilities for ABM or other systems. In the broader sense,
the experience gained during the construction of the buried test
models at Woodbridge and in the repairs at Grand Forks has provided
an experiential base for constructing better conduit systems in
future appliecations.

It was learned that it is relatively easy to join 2-in.
canduits which were used for most of the power conduits in the
SAFEGUARD site; consequently, there were relatively few problems in
the power conduit system. One notable exception was a severe flaw
which was the result of not joining the conduit at all at a point
where a field-constructed nipple proved shorter than a gap which
was simply taped over, rather than cutting a section that would fit
to join the two sections together. The 4-in. conduits were a dif-
ferent matter. It was observed at Woodbridge that joining the
sections together to a prescribed torque did not in itself insure
that many threads would be engaged, unless someone relieved the
moment by supporting the end of the conduit sections while they were
being torqued tightly. Professional electricians employed by the
cantractor to assemble the 16-conduit test model did not achieve
tight joints until they were coached in proper assembly. The
explosive type of unions used in the construction of the conduits
leaked water even when installed properly, but these unions were
not necessarily any more likely than a coupling to induce an EM
flaw.

14
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The data developed during air-leak testing and conduit
interior TV inspections were not correlatable with EM flaws. The
latter proved to be of same aid as a supplement to PLACER testing
to give precise locations of joints along the conduit run; however,
it was not possible to detect shielding flaws by 1nspect10n

The flaw characterlzatlon studies indicated that it would
be best to weld the conduits to the couplings and umions in at
least one spot to preclude possible joint-type flaws. A repair
technique for 301nt-type flaws consisted of a sheet-metal clamshell
formed to fit over a union or coupling. This repair was found to
work well in eliminating shielding flaws when clamped to the bare
conduit on each side with a liberal coating of conductive paste to
insure good contact. Based upon the lessons learned and the PLACER
technique, it is now possible to insure adequate conduit shielding
effectiveness in mission critical conduits.

Although PLACER was developed for an EMP appllcatlon,
it should provide a solution to a wider class of shielding and
nondestructive test applications for which shielding of buried
conductors is desirable for reasons of security or protection from
other EM threats.
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PROJECTILE AND FRAGMENT PENETRATION IN SNOW AND FROZEN SOIL

George W. Aitken, George K. Swinzow, Ph.D. and Dennis R. Farrell
U.S. Army Cold Regions Research and Engineering Laboratory
Hanover, N.H. 03755

INTRODUCTION: The work described herein was accomplished as part of
an investigation of terminal ballistics in snow, ice and frozen soil
conducted for the Field Engineering Division, Directorate of Facili-
ties Engineering, OCE. The objectives of this investigation are to
develop design criteria for effective utilization of indigenous cold
regions materials in field fortifications, to develop methods for
estimating the terminal effectiveness of remotely emplaced munitions
and sensor systems, and to evaluate foreign expertise in these areas.
To accomplish these objectives, a number of laboratory and field in-
vestigations: have been conducted to quantify the effectiveness of
various projectiles fired into snow, ice and frozen soil targets.
The performance of fragment-simulating projectiles (FSP's) that
simulate typical fragments from mortar and rocket rounds have also
been studied. Penetration data from these tests were analyzed using
a theory developed for use with unfrozen soil targets and were found
to be in reasonable agreement with predicted penetrations in both
snow and frozen soil.

BALLISTIC TEST LABORATORY: The liaboratory penetration tests were -
conducted in the CRREL ballistics laboratory in Hanover, N.H. The
laboratory was constructed to permit investigation of terminal bal-
listics in snow, ice and frozen soil. It consists of a 16 x 28-ft
wood frame building containing a controlled temperature target room,
a wWeapons room, and instrumentation and projectile preparation areas
(Fig. 1). A detailed description of this facility was presented by
Farrell (1975).
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TEST SOIL DESCRIPTION: Four different soils were used in the labora-
tory tests: a sand, a sandy clay, a marine clay and a silt. The first
three matched, as closely as practicable, unfrozen soils tested by
the U. S. Army Engineer Waterways Experiment Station (USAEWES). Be-
cause the strengths of these frozen soils were estimated, only an
approximate correlation between measured and predicted penetrations
was obtained. The silt soil was added to the Program because a
relatively large quantity of soil was needed to develop the compre-
hensive data package necessary to correlate measured with predicted

Penetrations and this soil was available locally in sufficient amounts.

TARGET PREPARATION: The soil samples were molded in 12-in.-square,
12-in.-high boxes constructed of 3/L-in.-thick plywood. The boxes
were lined with polyethylene to minimize loss of moisture. The
samples were compacted in l-in.-thick layers using approximately LO
blows from a 10-1b hammer with an 18-in. drop height. The soil was
tempered overnight at 4O°F prior to molding. After each layer was
molded, the sample was placed in a coldroom at -5°F for freezing.
This one-layer-at-a-time preparation method minimized moisture
migration during freezing of the test specimens.

The snow targets were prepared by sifting snow through a no. 4
sieve into 20-in.-square, 12-in.-high plywood boxes. The snow sin—
tered in these boxes quite quickly, allowing the ends of the boxes
to be removed and a sufficient number of boxes aligned to assure
projectile retention in the snow.

PROJECTILES: Two different projectiles were used to obtain labora-
tory data: 5.56-mm cubes and 7.62-mm NATO ball ammunition (Fig. 2).
The cubes were designed as fragment-simulating projectiles, as
described by Kakel (1971), while the 7.62-mm round represents approxi-
mately the mid-energy level for small arms projectiles.

PENETRATION TEST RESULTS: Impact velocity vs penetration data for the
5.56-m steel FSP's fired into Hanover silt are given in Figure 3.
These data show that penetration into the frozen silt was roughly
half that into the unfrozen soil. Small temperature changes of the
frozen soil had a relatively small influence on prenetration; but re-

ducing the temperature from -3 to -25°C noticeably reduced penetration.

At velocities above about 700 m/sec deformation of the FSP's was
noted in both the frozen and unfrozen silt (Fig. L). The decrease in
penetration obtained in the frozen soil at the higher velocities is
attributed to the increase in frontal area of the projectile that
resulted from this deformation. The magnitude of this area change is
shown by the data in Figure 5 where a coefficient of deformation, CD
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(deformed FSP frontal area divided by original area), is plotted
versus impact veloecity. For a given impact velocity, the temperature
of the frozen soil appears to have a strong influence on the magnitude
of projectile deformation.

Figure 6 contains velocity vs penetration data for T7.62-mm NATO
ball ammunition fired into frozen sand and sandy clay soils. These
tests, conducted at a temperature of -10°C and for a given impact
velocity, show significantly higher penetrations for this projectile
than were previously observed for the FSP's into frozen silt. It is
suggested that this increased penetration results from the higher
energy of the 7.62-mm projectile due to its increased mass, rather
than a difference in soil target properties. At velocities higher
than about 600 m/sec the jackets of many 7.62-mm projectiles failed.
Several of these rounds were also observed to tumble at impact velo-
cities between 570 and 730 m/sec. This tumbling resulted in signi-
ficantly reduced penetrations as shown in Figure 7.

Typical impact velocity vs penetration data for FSP's into snow
are given in Figure 8. Compared to similar data in frozen silt
(Fig. 3) penetration of these FSP's in snow appears to be relatively
insensitive to impact velocity. The data also indicate that snow
temperature does not affect projectile penetration. As with soil,
projectile deformation is suggested as a factor influencing pene-
tration into snow at velocities above about 800 m/sec.

PENETRATION PREDICTION TECHNIQUES: There are two methods frequently
used to analyze projectile penetration data. One of the most widely
accepted, described by Young (1972), utilizes penetration test results
to prepare empirical equations relating impact velocity to penetration
depth. Young's equations contain a projectile nose-shape factor and
represent target properties with a soil constant ranging from 0.2 to
50. These equations have been verified for projectile weights from
0.9 to 2613 kg and impact velocities from 33 to 843 m/sec. Equation

1 was proposed by Young for impact velocities greater than 66 m/sec
and produces a linear relationship between penetration and impact
velocity:

D = 0.0117 KSN /W/A (V-30.5) (1)
where
= depth of penetration, m
= mass scaling factor, dimensionless
S = goil constant, dimensionless (1 to 2 for frozen silt or clay)

21



AITKEN, SWINZOW, FARRELL

N = nose performance coefficient, dimensionless (0.56 for flat
nose)
W = projectile weight, kg
= proJectile area, cm2
V = velocity, m/sec

This approach has the advantages of relative mathematical simpli-
city together with the inclusion of a projectile nose-shape factor.
It has also been adapted for predicting penetrations through layered
materials. Its primary disadvantages are that penetration tests must
be conducted on all target materials of interest to develop appro-
priate material constants and that a mass scaling factor must be
determined for projectiles weighing less than 27 kg.

Another common approach to penetration analysis is to develop a
mathematical model for predicting penetration that considers per-
tinent projectile characteristics and target strength properties.

One such model, based on dynamic cavity expansion theory, was
developed by Ross and Hanagud (1969). It was used by Rohani (1973)
to analyze penetration data from unfrozen soils. This model, equation
2, describes a spherical nose projectile penetrating a homogeneous
isotropic material. The projectile is further characterized by its
welght and radius. The target material is idealized as a locked-
elastic, locked-plastic medium (Fig. 9) and described in terms of its
mass density, yield strength, plastic and elastic moduli and com-
pressibility.

B_R 2
P TR SW = = —l—B 1n 14 Bpkp ¥ o
P T2 2 3B3
where
V = velocity, ft/sec
P = penetration, ft
W = projectile weight, 1b
A = projectile area, ft 5
g = acceleration of gravity, ft/sec
R = projectile radius, ft

pp = locked plastic density of target material, slugs/ft3

d

and
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Pp = P, exp (Ep) (3)

o, = initial density of target material, slugs/ft3

Zp = plastic volumetric strain, %

and
. _ 4
B=oH = 5 L
where
y = yield strength of target material, psf
E = Young's modulus of target material, psf
z, = elastic volumetric strain, %
p
ol =8 A (5)
P Pp >
S o, exp (-3B) (6)
B =1- sl/3 (7)
B, = 3/2 - l+a) /3 4 10 §/3 (8)
By = 4/9E (1- exp(-3B) - 2/3y 1n 6 + 2/27 ©° E_-4/9 E_ n  (9)
where
Et = plastic modulus of deformation, psf
and -
n
= S_
n = z n2 (10)
n=1

The advantage of this method is that it does not require any empirical
constants. Its disadvantages are: that the target yield strength is
assumed to be independent of projectile velocity and penetration depth;
projectile mass and/or caliber area change during penetration are not
accounted for; and it is strictly applicable only to projectiles with
a spherical nose-shape. Rigorous use of this approach also requires
that the constitutive properties of the target material be obtained at
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strain rates equal to those occurring under actual projectile pene-
tration.

TARGET STRENGTH DATA: Frozen soil strength data were obtained from
unconfined compression tests. These tests were conducted at a strain
rate of LhLh%/min on 1.4-in.-diam, L4.5-in.-high cylindrical samples.
The samples were compacted in l-in. layers using 60 blows of a Harvard
miniature compactor per layer (40-1b spring with 1/2-in.-diam compac-
tion head). After compaction the specimens were tempered at 33°F for
one week to assure uniform moisture distribution and then placed in a
5°F cold chamber for freezing. Ends of the samples were squared by
lapping prior to testing.

Typical stress/strain curves from these tests are shown in Figure
10. The yield strength, elastic and plastic moduli were obtained by
fitting idealized curves (dashed lines on Fig. 10) of the form shown
in Figure 9 to these stress/strain curves. The compressibility was
estimated by assuming that the volumetric strain %, is equivalent to
the volume of air in the soil sample. Data obtained from the com-
pression tests on Hanover silt are summarized below.

Pyo slugs/ft3

Temp, °C E, psf Y, psf
-3 3.7 lT.6XlO6 29.8X10h
-10 3.7 30.9x10° 46.3x10"
_25 3.7 57.6x10° 86.1x10"

Snow strength properties were obtained by relating the snow tar-
gets' density to yield strength, compressibility and elastic modulus
using information presented by Mellor (1964). Typical values are
tabulated below.

P> slugS/ft3 (g/ec)

E, psf Y, psf
0.58 (0.3) h.3x106 o.1hxloh
0.78  (0.k4) l3.2x106 0.22x10u
0.97 (0.5) 20.Tx106' 2.16x10h

COMPARISON OF MEASURED WITH PREDICTED PENETRATION: Predicted pene-
tration of the 5.56-mm FSP's into frozen silt, computed using Equation
2, is compared with test results in Figure 11. There appears to be a
tendency to underpredict penetration at velocities between 600 and
1000 m/sec. This could have resulted, in part, from differences in
soil properties between the ballistic targets and the unconfined com-
pression test specimens. The average dry unit weight of the soil
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targets was about 10 lb/ft3 (0.31 slug/ft3) less than that of the
unconfined test samples. This lower soil target density resulted be-
cause the size and shape of available soil compaction equipment was
not compatible with the size and shape of the target samples. The
penetration computations were thus made using parameters biased on the
high strength/low penetration side which should result in measured
penetrations being somewhat larger than predicted.

A similar comparison between measured and predicted penetration
in snow is presented in Figure 12. These computed penetrations are in
excellent agreement with the test data. These data are of particular
importance because they show the effect of projectile mass and verify
that mass is correctly represented in Equation 2.

FIELD TEST PROGRAM: A field test program was conducted in Alaska to
expand the scope of the laboratory experiments. A complete descrip-
tion of this program was presented by Johnson (1975). The program
included extensive tests to evaluate the ability of snow structures to
resist penetration by 5.56-mm, 7.62-mm and 50-cal ammunition. Pro-
jectile penetration vs snow density data obtained during these tests
are given in Figure 13. As expected, the smallest and lightest pro-
jectile (5.56-mm) had the least penetration. The small increase in
penetration of the 50-cal round relative to the 7.62-mm was not ex-
pected. It had been estimated, using the Ross Hanagud equation, that
the 50-cal round would penetrate about twice as deep as the T.62-mm.
The relatively low observed penetration of the 50-cal round is attri-
buted to increased resistance generated by case rupture and deforma-
tion (Fig. 1L4).

Data from these tests and the laboratory experiments, which em-
phasized the influence of snow density on penetration, suggested the
concept of a hardened snow trench for hasty expedient protection of
troops against small arms fire. A trench in the snow can be exca-
vated very rapidly. Even when the snow is so light that it appears it
would offer little or no resistance to small arms fire, tests have
shown that such a trench (Fig. 15a) offers a surprising amount of
protection. An important reason for the effectiveness of this trench
is that fire against it normally strikes the snow at a shallow angle,
resulting in ricocheting and broaching of the rounds. Increasing the
density of the snow ahead of the trench by rodding and packing (Fig.
15b) greatly increases the probability for ricocheting as well as
reducing penetration of bullets that do not ricochet or broach. In
tests where approximately one hundred 5.56- and T.62-mm rounds were
fired at these trenches from close range, only two 5.56-mm and three
7.62-mm bullets came through the snow into the simple trench and no
penetrations were observed into the hardened trench. Forty rounds of
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50-cal ammunition were also fired against the hardened trench and,
again, no penetrations were observed.

CONCLUSIONS: Based on these test data, projectile penetrations into
frozen soil are significantly lower than in unfrozen soil. For the
5.56-mm steel FSP's, penetration was reduced by about a factor of 2 in
frozen Hanover silt. Temperature of the frozen soil influenced
projectile penetration, with penetration decreasing at lower tempera-—
tures. But for Hanover silt, temperature changes in excess of 10°C
were required to obtain significant changes in penetration.

For a projectile at a given impact velocity, penetration is a
function of target properties with yield strength, density and com-
pressibility probably being the most important. A theoretical
technique based on dynamic cavity expansion in a locked-elastic,
locked~plastic medium can be used to calculate projectile penetration
in both frozen soil and snow with reasonable accuracy.

There are some critical impact velocities above which damage to
projectiles occurred not only in frozen soil, but also in snow. In
frozen soil the 5.56-mm steel FSP's deformed at velocities above about
800 m/sec and T.62-mm NATO rounds started to tumble and/or strip their
jackets above a velocity of about 600 m/sec. In snow, the aluminum
FSP's started to deform at impact velocities above 900 m/sec and steel
cubes above 1000 m/sec.

Snow can be used as a construction material for expedient de-
fensive positions and affords protection against small arms fire up
to 50 cal. In part this protection was achieved by designing the
position to cause ricocheting and broaching of the rounds fired at it.

29



ATTKEN, SWINZOW, FARRELL

LITERATURE CITED

. Farrell, D., 1975 Terminal Ballistics Testing Procedures,
USACRREL Technical NOte., June.

2. Johnson, P.R., 1975 Design and Effectiveness of Snow Forti-
fications in the Subarctic, USACRREL Technical Note, June.

3. Kakel, W.W., 1971 Fragment Defeating Capabilities of Plastic
Armor, WES, TR N-71-10, June.

4. Mellor, M.,196h Properties of Snow, USACRREL Monograph III-Al,
Dec.

Sk Rohani, B., 1973 Fragment and Projectile Penetration Resistance
of Soils. Rpt. 2, High Velocity Fragment Penetration into
Laboratory—-Prepared Soil Targets, WES, MP S-T7T1-12, June.

6. Ross, B. and Hanagud, S., 1969 Penetration Studies of Ice
with Application to Arctic and Subarctic Warfare, Rpt.
prepared for ONR by Stanford Research Institute, RPT. NWRC

7000-452-Uk.
T. Young, C.W., 1972 FEmpirical Equations for Predicting Penetration
Performance in Layered Earth Materials for Complex Pene- .

trator Configurations, Sandia Laboratories Rpt. SC-DR-72
0523, Dec.

30




ALLEN AND IRWIN

AD A025973

ANTIBODY TO HEPATITIS B CORE ANTIGEN

RICHARD G. ALLEN, CPT MSC
GILBERT R. IRWIN, MAJ MC

WALTER REED ARMY INSTITUTE OF RESEARCH
WASHINGTON, D. C. 20012

Type B hepatitis, formerly called serum hepatitis, represents a
serious health problem. In the United States there are approximately
150,000 clinical cases of type B hepatitis occurring each year (based
on 1973 statistics). An increasing proportion of these cases in
recent years is associated with the use of i1licit drugs in the young
adult population (the 14-24 age group).

Over the last 10 years (Table 1) there have been significant
outbreaks of hepatitis B in the military. Overall peak attack rates
for hepatitis B virus (HBV) in combat units in CONUS as well as
USAREUR have ranged from 19-27/1000 clinical cases of hepatitis per
year. Specific battalion-sized units in these areas have had rates
of 100-300/1000/year. The economic impact alone (Table 2), when one
considers length of hospitalization, convalescent leave following
hospitalization, and the effect of loss of manpower to the military
unit, are significant. The average length of hospitalization at Fort
Hood was 22 days for the acute hepatitis B patient, followed by 30-
60 days of convalescent leave. In addition, approximately 9% of the
patients with acute hepatitis have been readmitted for recurrence of
hepatitis associated with abnormal 1iver function tests.

Because of the magnitude of hepatitis B in the military, an
effort to define the most efficient way to serologically diagnose
both clinical and subclinical hepatitis B infection is needed. 1In a
typical patient, as seen in Figure 1, hepatitis B surface antigen
(HBsAg) appears in the serum several weeks after exposure to HBV and
is followed by the onset of clinical symptoms. Following closely the
appearance of the surface antigen is the presence of antibody to the
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hepatitis B core antigen (HB:Ag). This antibody remains present
throughout the convalescent period. Antibody to the surface antigen
(anti-HBS) appears from 1-6 months after the circulating HBgAg has
disappeared, and gradually rises during convalescence.

Of interest is this period of time between the clearing of the
HB;Ag and the appearance of the surface antibody, for at this time
the disease is only detectable by the presence of antibody to hepa-
titis B core antigen. This hiatus between clearing of antigen and
development of surface antibody (in which detection of the disease
can be made) is the time at which anti-HB: is the only potential
marker of HBV infection. In fact, approximately 50% of clinical
cases present with having already cleared their HB.Ag at the onset of
symptoms of fatigue and jaundice. Thus, the serological diagnosis of
HBV infection is frequently missed because HBgAg is absent, and anti-
HBs has not yet appeared. It is in this situation that the presence
of anti-HB. is most important because it confirms the etiology of the
acute hepa%itis.

A second and very important future use of the core antibody test
is in the monitoring, for HBV infection, of field units who have been
immunized with HBV vaccine. Anti-HB¢ appears to be a marker of
recent HBV infectivity. In that context, a primary antibody response
to hepatitis B virus infection may result in the production of both
anti-HB. and anti-HBg. Immunization with a killed HBsAg vaccine
would result in only the production of anti-HBs. The work presented
in this paper describes the production of HB-Ag in chimpanzees, the
development of a sensitive radioimmune test for anti-HB., and the
application of the test to the diagnosis and ultimately, to the pre-
vention of HBV in the military.

METHOD

Hepatitis B core antigen is a very scarce reagent. For our
work, two male chimpanzees, weighing 50 and 55 pounds, were isolated
and started on a course of immunosuppression, using the drug cyclo-
phosphamide in a dosage of 15 mg/kgm. This drug was administered
2-3 times/week throughout the course of the experiment. Twenty-six
days after initiation of cyclophosphamide, both animals received 1 ml
of a 1:10 dilution of infectious human plasma containing HBgAg.

(The plasma samples were kindly provided by Dr. Hoofnagle of Division
of Biologics, FDA, Bethesda, Maryland).

At 32 days after inoculation with HBV, HBSAg was detected by RIA
in both chimpanzees. Liver biopsies were performed on
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each animal biweekly during this period of HBs antigenemia. The
presence of core antigen in the liver tissue was tested for by comple-
ment fixation, using anti-HB. sera derived from a human and chimpanzee
source. When it was recognized that the HBcAg titers in homogenates
of serial liver biopsies were not increasing, the animals were sacri-
ficed and the Tivers removed and frozen at -700C. The titer HB:Ag in

the liver homogenate was 1:8, and 1:16, respectively, for chimps 682
and 683.

The harvested chimpanzee Tiver was used as a source of antigen
for developing the radioimmune inhibition test for anti-HB.. A 20%
liver suspension was prepared in a hypotonic phosphate buffered
saline. After homogenization, the liver suspension was clarified by
centrifugation and the supernatant was used as a source of antigen.

IgG was labeled by the method of Purcell et al (1). The follow-
ing reagents were added, in order, to a test tube: 20 uliters of
0.2 M phosphate buffer, pH 7.4; 200 uCi of high-specific activity
1251 (in 5 uliters); 10 ug of the protein to be labeled (in 1 to 10
uliters); 15 uliters of a solution of chloramine T (3.5 ug/uliter);
20 uliters of a solution of sodium metabisulfite (4.8 ug/uliter); and
20 uliters of a solution of sucrose (22.5%), potassium iodide (2
mg/ml). After the addition of chloramine T, the reaction was allowed
to proceed for 15 s before being terminated by the addition of sodium
metabisulfite. The mixture was applied to the top of a column
(0.9 by 15 cm) packed with Sephadex G-200, and equilibrated with
phosphate-buffered saline, pH 7.4 with 0.1% sodium azide. The protein
was eluted with the same buffer; fractions containing the first peak
of radioactivity were pooled and diluted with an equal volume of 1%
bovine serum albumin. This stock mixture was stored at 49C and
diluted 1:2 with 1% bovine serum albumin just before use.

The micro-solid-phase radioimmunoassay was a modification of the
method of Purcell et al (2). The wells of polyvinyl microtiter plates
were coated with diluted anti-HB¢ in phosphate buffered saline for 4
hr at 370C. After washing with saline, the sensitized wells received
200 ul of 1% bovine serum albumin in saline, followed by incubation
overnight at 40C. After washing, the wells were inoculated with 50
ul of HB.Ag and the plates were incubated at 40C for 24-48 hrs.
Following washing, 50 ul of each patient's serum was added to dupli-
cate wells. Each plate contained four wells of anti-HBc negative
serum as a control for plate variation. The plates were incubated at
40C for 24 hr, then washed and 50 ul of radiolabeled anti-HB¢
globulin was added to each well and incubated at 370C for 4-6 hrs or
at 49C overnight.
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The plates were given a final wash and the wells were cut with
scissors and transferred to gamma counting tubes and counted in a
Nuclear Chicago gamma spectrometer for 1 min. Marked reduction in
radioactivity with unlabeled anti-HB. antibody but not with normal
serum was indicative of the specificity of the reaction (Table 3).

RESULTS AND DISCUSSION

With the aid of the radioimmune assay inhibition test (RIAI), a
variety of military populations have been examined for the presence
of anti-HB.. In Table 4, anti-HB. is routinely detected in 100% of
soldiers with acute HBsAg* hepatitis. Of importance, however, is the
observation that 34 sera from 85 acutely i11 HBsAg negative individ-
uals with jaundice had anti-HB., thus confirming the etiology of their
infection. Likewise, the presence of anti-HB. is crucial to the
detection and timing of subclinical HB 1nfec%ion as shown in Table 5.
Since most HBV infection is subclinical, it is important to detect
individuals in this category. O0Of 2,333 soldiers followed at Fort
Hood, Texas, with a blood sample drawn at time of arrival, 4, 8, and
12 months later (from March 1974 to April 1975), 48 developed anti-
HBs over the course of one year of observation. It is important to
note, however, that 18 of these soldiers had anti-HB. without other
evidence of HBV infection in their first blood sample. The presence
of anti—HBC upon entering Fort Hood indicates that their exposure to
HBV was prior to arrival at Fort Hood and not due to acquisition of
HBV while there. Individuals who are in the process of logsing anti-
HBs also have a Tower prevalence of anti-HB. as compared to soldiers
who maintain anti-HBg over one year. Why some individuals lack anti-
HB. in the presence of anti-HBg may be due to previous exposure to
HBV many years ago and a subsequent recent secondary exposure,
resulting only in boost in anti-HBg without replication of HBV, as
measured by anti-HBc.

Of critical importance to the understanding of HBV epidemiology
is the observation that 23 of 216 soldiers without other evidence of
HBV infection had anti-HB.. Fifteen of these cases represent soldiers
acquiring subclinical HBV while at Fort Hood. If one extrapolates
from the 216 soldiers randomly tested for anti-HB. to the entire
population of 2333 individuals, it would appear that 7% of the troops
per year have subclinical HBV infection. Thus, for every clinical
case of HBV, there are 10-15 subclinical cases. This observation is
even more awesome if you recall the data concerning clinical attack
rates/1000 of HBV in various troop populations listed in Table 1.
Thus, overall HBY infection rates in Germany (if subclinical infec-
tion is included) would be at Teast 270/1000/year instead of
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27/1000/yr (clinical cases only). Table 6 depicts the prevalence of
HBsAg, anti-HBg, and anti-HBc detected in platoons of soldiers at
Fort Hood, Texas, in 1973 during an outbreak of HBV. With the aid of
anti-HB. test, an additional 20 soldiers were identified who had
evidence of HBV infection.

From these initial epidemiological surveys in U. S. Army
soldiers, it is apparent that the detection of anti-HB¢c is of value
in the serologic diagnosis of both acute clinical and subclinical
disease. The RIAI test for anti-HBc has allowed investigators to
obtain a better estimate of the total experience of any population
with HBV.. The detection of anti-HB; not only defines exposure to
HBV, but when taken with serial blood specimens, it allows one to
estimate the timing when the exposure occurred.

The RIAI test is currently used for serological diagnosis of
patients with clinical HBgAg negative hepatitis and for epidemio-
logical research in military populations. In addition, the radio-
immune assay test can be modified to detect core antigen (HBcAg) by
simply eliminating the inhibitor anti-HB.. The application of this
test to basic research on HB:Ag is important to the isolation of
purified HBcAg from ultracentrifuge gradients, and the characteriza-
tion of HB-Ag, etc. Perhaps the most important future need for the
anti-HB: test will come shortly when efficacy trials of the hepatitis
B vaccine are started. The presence of anti-HB. in recipients of
the HBgAg vaccine (who will make only anti-HBg) will provide an
indication as to whether candidate HBV vaccines are protective or not
in the field.
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Table 1. Recent epidemics of hepatitis B in the military

Locale Year Clinical
attack rate
Fort Bragg, North Carolina 1970 20/1000*
Fort Hood, Texas 1972 19/1000
Fort Riley, Kansas 1973 10/1000"
Germany (USAREUR) 1973 26/1000
Camp Zama, Japan 1974 123/1000
Viet Nam 1972 9.9/1000
Korea 1971 9.1/1000
*Approximation

Table 2. Economic impact of hepatitis B infection in troops
at Fort Hood, Texas

Average length of hospitalization 20 days
(30-60)
Convalescent leave 30 days
Assume attack rate of 10/1000 men 400 cases/year
(40,000 troops at Fort Hood)

Work days lost by acute hepatitis B .

at Fort Hood 20,000
Dollar estimate of loss to US Army $20,000,000

in Germany/year (LaVoie, 1974)
(Based on 3,975 hospitalized cases of hepatitis in 1973)
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Table 3. Sensitivity and Specificity of Radioimmune Assay Test
for anti-HB.

1. In comparison with complement fixation, RIAI is 10-50 times more
sensitive.

2. Labeled anti-HB; (I125) used as the indicator system in this
test does not cross react with:

a. human liver
b. chimpanzee 1iver

3. Labeled anti-HB, (1125) is not inhibited by sera containing
anti-HBg only.

Table 4. Detection of anti-HB. by radioimmune assay inhibition
in military populations
(acute hepatitis)

Number
—— anti HB. (%)
positive
Acute hepatitis:
HBAg positive 75 75 (100%)
HBsAg negative 85 34 ( 39%)
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Table 5. Detection of anti-HB. by radioimmune assay inhibition
in military populations
(Subclinical hepatitis B)

Number

2333 soldiers | Total TgFa;B initially NUTbeT
-followed 1 year observed &nt1-fbc anti-HB, eVE_Oﬁéng
positive positive anti-HB.
Seroconversion to
anti-HBg:
Negative to positive 48 22 18 4
Positive to negative 37 17 17 0
Remain positive for
12 months S &5 35 0
Never positive for
anti-HBg 216 23 8 15

*B1ood drawn every 4 months

Table 6. Detection of anti-HBC in index and control units
of soldiers at Fort Hood, Texas
(during outbreak of hepatitis B)

. . Anti-HB
Total HBsAg  Anti-HBg Anti-HB. oni c

Index Units 377 5 53 46 13"

Control Units 520 5 70 57 7

*

20 additional soldiers had evidence of HBV without the presence
of HBsAg or anti-HBs
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Figure 1. Immune response in acute hepatitis B infection
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INTRODUCTION

In the past few years, considerable effort has been
expended to develop hydrogen fluoride/deuterium fluoride (HF/DF)
chemical lasers. These lasers depend on the use of high pressure
gaseous or cryogenic liquid reactants and diluents. The replacement
of cryogenic or high pressure gaseous materials by storable reactant

‘ and diluent sources in the condensed phase is highly desirable for
Army field use of the chemical lasger.

Thus, long-term storable reactants are needed for advanced
chemical laser systems for improvement of system handling, packaging,
and safety. Preliminary efforts have been initiated to verify the
feasibility of solid storable hydrogen sources for use in HF/DF
chemical lasers. The development of storable sources of hydrogen for

high energy chemical laser applications was the objective of this
investigation.

Storable sources of hydrogen and deuterium, in a compact form,
are needed for the HF/DF chemical laser system. The system must be
storable in a standby operational mode for long periods of time under
the environmental conditions required by the Army. Storage life and
environmental conditions should be similar to those required of
missile propellants. An important consideration in the future appli-
cation of HF/DF chemical lasers is the safety associated with the use
of various reactants. Storage, transportation, and handling proce-
dures prior to use and the hazards associated with gas generation as
part of the laser operation are aspects of particular importance to
the Army where the laser operation is in close proximity to operating
personnel.
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Both storability and safety restrict the use of cryogenic liquid
hydrogen and deuterium in an operational chemical laser. Also,
safety and weight considerations make high pressure bottled gas
sources appear unattractive for application in Army chemical laser
systems. Since there is no significant difference in chemical proper-
ties between hydrogen and deuterium gas generators, these Hy/D, com-

binations will be referred to as hydrogen throughout this paper. The
primary objective of the work described in this paper is to avoid the
storage and handling hazards associated with high pressure or liquid
hydrogen by developing an all-solid propellant composition which,

upon ignition, can supply the hydrogen gas for the laser. These solid
propellant gas generators will provide a completely storable hydrogen
gas source that combines instant readiness with excellent handling
behavior and compact storage.

EXPERIMENTAL

A solid propellant has been developed and evaluated as a hydrogen
gas generator for use in the HF/DF chemical laser. This generator is
based on the reaction of sodium borohydride (NaBH4) with ferric oxide

(Fe203) to produce hydrogen gas according to the following equation:

3NaBH, + 2Fey03 > 3NaBOy + 4Fe + 6H, . (1)

The thermochemical reaction takes place at a 3/2 molar ratio or a
weight ratio of 26/74. Sodium borodeuteride (NaBD4) can be used in

place of the NaBH; in the above equation to give a solid composition
that generates deuterium gas (Dy). A weight ratio of NaBD4/Fe203 of
28.2/71.8 is used in the deuterium formulation.

Solid propellant grains were prepared by the following general
procedure: Moisture free Fey03 was obtained by drying the material

in a furnace at 823 to 873°K for 4 hours to remove any adsorbed
moisture or water of hydration. Stoichiometric ratios of NaBH; and
dry Fey03 were uniformly mixed in a blending mill or by shaking in a

closed container taking precautions to minimize exposure to moisture.
The mixed propellant was then pressed into pellets or metal canisters
using a remote hydraulic press at a total load of 907.2 kg (2000 1b)

for approximately 5 minutes.
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Pellets and canisters can be made in various diameters and
lengths to produce small or large volumes of hydrogen gas depending on
the demand. The rate of hydrogen generation may be varied by varying

the diameter of the grain. Grains of the NaBHa/FeZO3 formulation have

been pressed into canisters with a diameter of 25.4 mm and up to 101.6
mm in length. Propellants weighing up to 0.08 kg have been prepared
by the above procedure and evaluated in an operating HF/DF chemical
laser.

Grains pressed at 907.2 kg total load had a burning rate of
4.06 mm/sec under an inert nitrogen pressure of 13.8 MPa (2000 psi).
Density measurements were made on the solid propellant by pressing
small pellets at 907.2 kg total load, weighing and determining the
volume by displacement of an inert liquid such as n~heptane. The
theoretical density of the stoichiometric formulation based on the
densities of the ingredients is 2.61 Mg/m3 (g/cc) as compared with an
experimental value of 2.50 Mg/m3 (g/ce).

Ignition of propellant grains was by use of a hot nichrome wire.
Ten volts at approximately 10 amperes were required to produce enough
heat in the nichrome wire to initiate the self-sustaining thermo-
chemical reaction in the solid propellant. The reaction went easily
to completion and produced hydrogen gas with a purity greater than 99
mole 7 as indicated by mass spectrometric analysis. A solid 'clinker"
residue remained after combustion and gas production.

The solid grain hydrogen generator based on NaBH4/Fe203 was

evaluated in a small scale HF/DF chemical laser device as a laser
cavity fuel and as a combustor fuel, and the results were compared to
those obtained from bottled hydrogen gas. A schematic of the
apparatus used for evaluating the solid propellant on a chemical laser
device is shown in Figure 1. It consisted of a solid grain combustor
with an accumulator tank and a HF/DF chemical laser device consisting
of a precombustor injector, variable length precombustor, secondary
nozzle, laser cavity and associated feed systems, and exhaust system.
A cross-sectional drawing of the secondary nozzle is shown in Figure
2. This is a parallel flow slit nozzle in which fluorine atoms from
the precombustor are flowed through the center of the nozzle and
mixed with deuterium or hydrogen from the top and bottom slits in

the laser cavity. The nozzle is 9.5 mm high and 101.6 mm long and

is water cooled.
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Calcium fluoride windows were used on each side of the laser
cavity to permit power extraction. These windows were mounted at
Brewster's angle on adapter plates with 2-in. diameter openings in
conjunction with external mirrors. The optical cavity was plano-
concave, consisting of a 5 m radius of curvature gold coated mirror
and a plane, partially transmitting germanium output mirror coated for
5% transmittance.

Cylindrical grains measuring 25.4 mm in diameter and up to 101.6
mm long have been fired in the apparatus using a hot nichrome wire to

initiate combustion. The hydrogen gas generator was used to
pressurize an evacuated 1.0 liter aCCumulatOr taﬂk with HZ to

approximately 2.45 MPa (350 psi).

RESULTS AND DISCUSSION

The major effort of this investigation has been concentrated on
solid propellant compositions containing NaBH,. Experimental studies

with this metallic hydride have confirmed the feasibility of this
approach to a solid hydrogen gas generator. Several solid formula-
tions have been prepared that show reliable ignition and combustion
behavior with good retention of the solid products and production of
gas free of particulate matter. Hydrogen gas produced by the most
promising NaBH4/Fe203 composition showed gas purity equivalent to or

exceeding that of commercial tank hydrogen. This gas generator formu-
lation containing NaBH4/Fe203 in a 26/74 weight ratio was found to be

very stable with no sensitivity to impact or friction and to have a
high autoignition temperature. In addition, NaBH,, in contrast to

many other hydrides, can be handled in the open in the presence of
atmospheric moisture for a limited time and requires no special
handling procedures. .

A limited amount of experimental data have been obtained on
solid compositions containing LiAlH,. This hydride has a low auto-

ignition temperature (423°K) and exhibits a greater sensitivity to
impact and friction than NaBH, in solid propellants. Also, LiAlH,

reacts violently with water, and formulations containing this
material have to be processed and stored under very dry conditions to
avoid accidental ignition or deterioration of the solid grain. Other
hydrides such as A1H3, LiBHa, and NaAlH4 have been briefly investi-

gated in solid propellant compositions.
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In solid hydrogen gas generators based on formulations such as
NaBH,/Fey03 or LiAlH4/NH4Cl/Fe203, the weight of available hydrogen is
a small percentage of the total weight of the formulation. 1In the
NaBH4/Fe203 propellant, approximately 3 weight % hydrogen gas is pro-

duced with a purity of 99 mole % or better. However, this gas
generator gives a favorable volumetric efficiency that is equivalent

to that of liquid hydrogen. For example, 1 ¢m” (cc) of this solid
propellant will theoretically produce 804 cm3 (cc) of hydrogen gas
at standard temperature and pressure (STP) as compared to 1.0 cm3

(cc) of liquid hydrogen producing 778 cm’ (cc) of hydrogen at STP.
Samples of the NaBH4/Fe203 propellant have been fired that produced

experimental volumetric efficiencies equivalent to that of liquid
hydrogen. Table I summarizes the theoretical volumetric efficiencies
of several solid propellants containing various metal hydrides. From
Table I, it may be seen that compositions 2-4 have higher volumetric
efficiencies for Hy release than the NaBH4/Fe203 formulation. How-

ever, composition 2 with LiBH, and composition 4 with LiAlH, are more

sensitive to moisture, friction, impact, and heat than composition 1.
Thus, the ease of handling of NaBH, and the NaBH4/Fe203 formulation

compensates for its less efficient production of Hy.

The NaBH4/(NH4)ZSO4 composition (composition 3 in Table I)

appears to be one of the more promising solid hydrogen gas generator
formulations from volumetric and weight yvield considerations. An
optimum NaBH4/(NH4)ZSO4 formulation should produce mainly hydrogen

with a small amount of nitrogen which can serve as inert diluent in
the HF/DF chemical laser. Preliminary experimental work on the
NaBH4/(NH4)ZSO4 composition shows that a gas mixture containing

approximately 90% Hp, 4% Ny, 5% NH3, and traces of other gaseous

products is produced from grain combustion.

Tests have been performed on a small screening HF/DF chemical
laser to determine the effects of NH3 in Dy on the DF laser. As

shown in Figure 3, 2% NH3 in the Dy will decrease the power output to
approximately 1/2 its original value when compared to pure Dy as the
cavity fuel. Therefore, the production of NH3 by the NaBH4/(NH4)ZSO4
formulation is undesirable. Some of the NH3 formation may occur

during the slow thermal decomposition of the grain as a result of the
ignition delay encountered when using the nichrome wire to ignite
the solid grain. Additional work is being performed on the
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NaBH4/(NH4)ZSO4 composition to improve the experimental hydrogen yield

and eliminate the NH3 from the gaseous products.

Composition 4 produces a larger volume of Hy per unit weight of

formulation and a higher weight % yield of hydrogen than compositions
1 and 2. However, the composition containing LiAlH, is more hazardous

to handle and process than the borohydride compositions due to the
fact that LiAlH, is more sensitive to impact, friction, heat, and

moisture. Also, the LiAlH, composition leaves a reactive "clinker"

residue containing LiH after combustion. Tests have shown that this
solid clinker material will spontaneously ignite upon contact with
water.

The solid grain hydrogen generator based on NaBH4/Fe203, composi-

tion 1 in Table I, was evaluated in a small scale HF/DF chemical laser
device as a laser cavity fuel and as a precombustor fuel. TInitial
lasing runs were made in both DF and HF laser output modes using
commercial bottled hydrogen and deuterium to obtain baseline data.
These data were compared with those obtained using the solid propel-
lant gas generator as the hydrogen source. The data for each laser
run are summarized in Table II. All the runs were at a total flow

rate ranging from 1874 to 2010 cmY/sec or approximately 0.001 kg/sec.
Each experimental run lasted for a total duration of 10 sec.

Hydrogen produced by the solid gas generator was run as a precombustor
fuel in the DF laser and as the laser cavity fuel in the HF laser.

The following equations show the reactions that are taking place in
the HF/DF chemical laser using Hy/D, and Fy as the reactants:

DF Laser

Precombustor: Hy + excess F) —> HF + Fo + F
Laser Cavity: Dy + F —> D + DF*
D+ Fy ___y F+ DF*

HF Laser

Precombustor: D2 + excess F, —> DF + F2 + F

2

Laser Cavity: Hy + F —5> H + HF*
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H + F) —> F + HF*

The experimental data obtained in the evaluation of the solid
hydrogen gas generator on the small HF/DF chemical laser are shown in
Table II. The various experimental runs give a direct comparison of
bottled hydrogen with the hydrogen produced by the solid propellant
gas generator. In the DF laser, both bottled hydrogen and Hy from the

solid gas generator were run as precombustor fuels. Both sources of
hydrogen gave approximately the same average power output in the DF
mode. Thus, experimental data confirm that hydrogen produced from a
solid propellant grain is as good as commercial hydrogen for use as a
fuel in the precombustor of the HF/DF chemical laser.

In the HF laser, hydrogen from the solid gas generator gave com-—
parable experimental results to that of bottled hydrogen. In this
mode, the hydrogen, either commercial bottle or solid generator, was
the laser cavity fuel. Again, the two sources of hydrogen are
equivalent. For all the lasing runs reported in Table II, the
chemical laser device was optimized in the DF mode. Thus, the low
power output in the HF mode was attributed to this optimization of
the laser in the DF mode.

Based on the experimental results obtained from the NaBH4/Fe203

solid hydrogen gas generator, it is apparent that a solid gas genera-
tor of this type is feasible and practical as a storable source of
hydrogen or deuterium for use in the operation of HF/DF chemical
lasers. Compositions that contain NaBHa/(NH4)ZSO4 or

NaBH4/(NH4)2Cr207 have a much larger theoretical volumetric efficiency
and weight % yield of hydrogen than NaBH,/Fe;03 and, therefore, are

potentially attractive as solid hydrogen gas generators. Work is in
progress on the preparation and evaluation of solid propellant grains
containing these ammonium salts and NaBH4. Only preliminary data

have been obtained on the use of (NH,)9Crp0; in a solid formulation,

but work is continuing on the development of this formulation.

CONCLUSIONS

Solid propellants have been developed and evaluated in a
hydrogen gas generator as potential sources of hydrogen for the HF/DF
chemical laser. Formulations based on the reaction of NaBH, with

Fe203 to produce high purity hydrogen and the reaction of NaBH4 with
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(NHA)ZSOA to produce a mixture of hydrogen and nitrogen have been

investigated. When deuterated compounds are used in place of the
hydrogen-containing compounds, deuterium (Dy) is generated in place

of hydrogen (Hp). Propellant grains of NaBHA/Fe203 weighing approxi-
mately 0.08 kg have been prepared and used to generate high purity
hydrogen gas for use as a laser cavity fuel and precombustor fuel in

a small HF/DF chemical laser device. The propellant formulations
that contain NaBH, are very stable to moisture, exhibit no sensitivity

to impact or friction, and have autoignition temperatures above 773°K.
These propellants or similar type solid propellants are potential
storable H2/D2 gas sources that combine instant readiness with

excellent handling characteristics and compact storage. The volu-
metric efficiency of these solid propellants is equivalent to or
greater than that of liquid hydrogen as a source of gaseous hydrogen.
Experimental data from the HF/DF chemical laser tests confirm that
hydrogen produced from a solid propellant grain is equivalent to
commercial hydrogen for use as a cavity or precombustor fuel in the
HF/DF chemical laser.
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INTRODUCTION

Blood transfusions are necessary for resuscitation of many
severely injured soldiers. The 21 day limit of the effectiveness of
presently licensed red cell liquid storage preservation solutions re-
sults in severe logistic difficulties in insuring adequate blood
supplies during wartime. Because of this three-week limit, blood
wastage from outdating has been high in remote areas outside the con-
tinental United States. Modified preservative solutions which would
safely extend useful shelf-life of liquid stored red cells would
yield significant military benefit.

Many experimental studies (1,2) as well as recent clinical
blood banking experience in Germany (3) and Sweden (4), have demon-
strated conclusively that red cell liquid storage can safely be ex-
tended to 35 days by supplementing currently available preservative
solutions with adenine. In these reports, the adenine has been incor-
porated within the preservative solution into which the whole blood is
drawn at the time of donation. This technique exposes all militarily
important non-red cell components, principally plasma fractions and
platelets, to adenine, yet these components do not benefit from ade-
nine supplementation. Similarly, red cells transfused within the
first two weeks of liquid storage do not show improved survivability
when drawn into adenine supplemented preservative solutions. The
beneficial effects of adenine are manifest principally during pro-
longed red cell 1liquid storage.
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Although most clinical reports (3,4) document the safety of
adenine, the potential kidney toxicity of one of its metabolites
(2,8-dihydroxyadenine) remains of concern, particularly in soldiers
suffering from severe hemorrhagic shock. These patients may require
massive replacement of blood stored less than five days, and non-red
cell component infusions. Thus, they are subjected to the potential
toxicity of adenine from blood transfusion products not known to
benefit by adenine supplementation. Further, it also would be desir-
able to reduce, if possible, the amount of adenine required to
effectively prolong red cell liquid storage.

To attack the problem associated with the exposure of all
blood products to adenine, and to determine whether a lower adenine
concentration would be effective, a new storage strategy has been de-
veloped. 1In this system, which may be termed an optional additive
system (OAS) (5,6), blood is collected, processed, and initially
stored in currently available preservative solutions. After 7 or 14
days of refrigerated storage, adenine and glucose are added from a
sterile integral pouch. The efficacy of this strategy in preserving
red cell biochemical energy levels for 35 days is the subject of this
report.

METHODS

Although the concentrations, composition, and day of addi-
tion varied, the general construct of all studies was identical.
Blood was drawn from a total of 9 normal healthy adult volunteer
donors who had been free from clinical illness for at least three
months prior to phlebotomy and were taking no medications. Within
one hour after phlebotomy, all units were centrifuged at 4500 x g for
five minutes at 4°C in a Sorvall RC-3 centrifuge with the horizontal
swinging bucket rotor. The plasma was pressed off to obtain the de-
sired hematocrit (7). The unit was then equally subdivided into
three transfer packs and subsequently stored at 4°C in a monitored
blood bank refrigerator. Thus, each unit vielded one control subunit
and two subunits in which the effects of delayed supplementation were
observed. All additions were 15 ml, and the adenine and glucose were
suspended in 154 mM saline solution. The concentrations of adenine
and glucose were calculated and expressed as molarity in relation to
the red cell mass following packing. Additions were performed by in-
jection into the subunits through a sterile port. The injection
syringes were fitted with 0.22 u filters to sterilize the supple-
mental solutions.
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Group One: Four units were packed to an hematocrit of 907%
and subdivided as above. On day zero, 15 ml of 154 mM saline were
added to the control subunits. The other subunits were supplemented
at either days 7 or 14 with adenine and glucose to yield final concen-
trations of 0.25 mM and 71.0 mM, respectively.

Group Two: Five units were packed to an hematocrit of 70%,
and subdivided as above. On days O, 7, and 14 each of the subunits
was supplemented with adenine and glucose to yield final concentra-
tions of 0.125 mM and 71.0 mM, respectively.

In both groups, subunits were agitated thoroughly once
weekly just prior to blood sampling and at the time of addition of the
supplemental storage media. Hematocrits were measured by a standard
micro technique. Erythrocyte adenosine triphosphate (ATP) and glu~
cose concentrations were determined by the hexokinase method in which
hexokinase is used to phosphorylate glucose, the reaction being
coupled with Glucose-6-Phosphate Dehydrogenase to reduce NADP to
NADPH (8). The concentration of 2,3 diphosphoglycerate (2,3~DPG)
was measured by a modification of the technique of Krimsky (9). The
pH was measured by a technique which allowed anaerobic determination
at 0° - 4°C (10). Bacteriological culturing was performed weekly.
All statistical results are reported as the mean plus or minus the
standard error of the mean.

RESULTS

Group One: The results are illustrated in Figure 1A and B.
The control subunits showed a mean fall in red cell ATP concentra-
tion to 1.00 + 0.25 umoles/g of Hb (25.6% of the day zero level) at
35 days of storage. Subunits supplemented with glucose and adenine
on days 7 and 14 showed a fall of red cell ATP concentration to
2.49 * 0.17 ymoles/g of Hb (63.8% of the initial level), and 2.68 *
0.27 umoles/g of Hb (68.7% of the initial level), respectively, at
35 days. The glucose concentration in control subunits fell to
25 mg/dl at storage day 35, but were 100 mg/dl in the supplemented
subunits. '

Group Two: The data from group two units are illustrated
in Figures 2A and B. The control subunits supplemented with adenine
and glucose on day zero showed a mean fall in red cell ATP concen-
tration to 2.47 * 0.32 ymoles/g of Hb (60.2% of the initial storage
level) at 35 days of storage. Subunits supplemented on days 7 and
14 showed a fall in red cell ATP concentration to 2.92 * 0.23 umoles/
g of Hb (71.2% of the initial day zero level), and to 2.13 * 0.23
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umoles/g of Hb (52.1% of day zero level), respectively at 35 days of

storage. The glucose levels in all subunits remained above 120 mg/dl
throughout storage.
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Figure 1A and B: Adenosine triphosphate (ATP) and glucose levels are
plotted against days of storage. The units of blood were subdivided
as described in the Methods section. The solid line ( ) repre-
sents the subunit supplemented on day zero with 15 ml of 0.9% NaCl.
The dotted line (....) represents subunits supplemented on day 7 with
15 ml of 0.9% NaCl containing 0.25 mM adenine (final concentration)
and 71.0 mM glucose (final concentration). The dotted X line
(X--—-X) represents subunits supplemented on day 14 with the same

material as day 7. As can be seen, ATP levels are well maintained
in units supplemented on day 7 or 1l4.
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Figure 2A and B: Adenosine triphosphate (ATP) and glucose levels are
plotted against days of storage. The units were packed and sub-
divided as described in the Methods section. The subunits were
supplemented on day 0 ( ), day 7 (++++), or day 14 (X----X) with
15 ml of 0.9% NaCl containing 0.125 mM adenine (final concentration)
and glucose 71.0 mM (final concentration). ATP is apparently ade-
quately maintained in all three subgroups and sufficient glucose is
available throughout storage.

In both groups, most subunits showed a rapid increase in
red cell ATP concentration at the time of delayed supplementation.
This occurred between the time of supplementation and drawing the
test samples, usually less than one hour. Among the various sub-
units of both groups there was no significant difference between the
2,3-diphosphoglycerate, pH and hematocrit measurements. All units
remained sterile throughout storage.
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DISCUSSION

The OAS described possesses those preservation solution
characteristics which are desirable: red cell liquid storage can
be extended to 35 days, toxicity potential is minimal, and virtually
all of the available plasma may be harvested.

The maintenance of high levels of red cell ATP during
storage with these OAS studies suggest that postinfusion red cell
survivability will be acceptable following 35 days of storage.
Dern, et al. (11) have shown that if at the end of storage a red
cell ATP concentration was 48% of the original level, greater than
70% of the cells infused would survive at least 24 hours. Although
adequate red cell ATP levels do not, of themselves, insure accept-
able postinfusion survivability (12), red cell ATP remains the most
appropriate in vitro parameter to assess the potential value of a
storage strategy.

From previous studies it would be anticipated that the O0AS
would be effective in maintaining red cell ATP. Strumia et al.
(13,14) found delayed addition of inosine, together with adenine at
a higher concentration than reported here, to be as effective in
preserving red cell ATP as their addition on day zero. It is also
known that red cells will undergo biochemical "rejuvenation" if
incubated with various nutrient mixtures containing inosine follow-
ing 21 days of storage (15). The difficulty of these previous
systems is the content of inosine, which must be removed by washing
prior to infusion.

The OAS system reported sharply reduces the potential
toxicity risks of adenine in two ways. First, the final concentra-
tion of 0.125 mM is 75% less than currently used clinically in
Europe, and the toxicity risks are thus reduced concomitantly.
Second, recipients of either red cells stored for less than two
weeks or all non-red cell components are spared exposure to adenine.
This second advantage is best illustrated by exploring how the sys-
tem would be employed in clinical practice.

An initial design of the bag configuration is illustrated
in Figure 3. At the donor center, whole blood is drawn into the
primary bag containing only CPD as currently licensed. If plasma
and/or platelets for specific component therapy are to be harvested,
separation must be done within four hours of phlebotomy. The satel-
lite bags containing these components are then separated and stored

separately from the packed red cells. The latter are placed under
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SATELLITE BAGS PRIMARY BAG

Figure 3: Initial design of the blood bag configuration with the
optional additive bag

refrigeration with the integral pouch containing adenine and glucose
still attached. Only if the blood had not been infused by day 7 to
14 would the adenine and glucose be added to the red cells. Under
current practice the original inlet tube into the primary bag is
dielectrically sealed into segments as a source of cells for perform-
ing crossmatches. In the OAS system, these segments would be dis-
carded at the time of supplementation and the tube between the opti-
mal additive pouch and the primary bag segmented to provide cells

for crossmatching. The red cells used for crossmatching must be pre-
served in a manner identical to the infused cells. Military logis-
tics might not always permit supplement precisely on day 7 or l4.

The studies suggest that optimal addition any time during the second
storage week would yield similar red cell ATP levels.
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It requires approximately two minutes of technician time
to supplement a unit of red cells and seal the transfer tubing into
new crossmatch segments. Although exact costs of the new bag con-
figuration can only be estimated, it should not yield a negative
cost-benefit ratio. We have determined that the additive as des-
cribed will tolerate autoclaving. The system is fully compatible
with current CPD, and thus with current civilian blood bank prac-
tice.

Not only will all non-red cell components be spared expo-
sure to adenine, but maximum plasma harvest is possible. When a
unit is packed to an hematocrit of 90%, less nutrients are available
to support red cell storage. The proposed additive has been de-

signed to permit storage of tightly packed red cells without an
undue loss of red cell ATP.

The OAS advocated has the desired characteristics of a
preservative solution, and affords an approach to red cell storage
designed to fulfill the unique military requirements.

The authors wish to acknowledge the technical assistance of .
SP5 Victor Cheong.
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INTRODUCTION

Projectile penetration has been studied by military engi-
neers since ancient times, but the analytical investigation of this
phenomenon was not undertaken until the eighteenth century. Robins

. (1), Buler (2), and Poncelet (3) developed the first empirical
equations describing the axial force which opposes the motion of a
rigid projectile as it passes through a deformable solid target.
Experimental data consisting of impact velocity and final depth of
penetration were used to estimate the coefficients in the relation
between axial force and projectile velocity. However, these coef-
ficients were not specified in terms of standard material proper-.
ties, and so they were applicable only for the particular targets
for which they were determined.

Since the mid-twentieth century, the availability of high-
speed digital computers has made it possible to analyze the
projectile/target interaction by means of two-dimensional finite-
difference techniques. The constitutive relations for both the tar-
get and the projectile can be accurately specified, and many of the
details in the penetration process can be realistically simulated.
Analyses of this kind are valuable because of the detailed informa-
tion which they provide, but they are usually too costly and cumber-
some for large scale parameter studies.

In recent years, significant progress has been made toward

the development of a simple relation between penetration resistance
and fundamental target properties such as density and compressive
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strength. Bishop, Hill, and Mott (4) analyzed the quasistatic ex-
Pansion of spherical and cylindrical cavities in metals and observed
a correlation between the resistance to cavity expansion and the
resistance to indentation by a rigid static punch. Goodier (5) used
an analogy with the dynamic expansion of spherical cavities in
metals to develop a penetration theory for rigid spherical projec-
tiles. In the present work, the quasistatic expansion of a spheri-
cal cavity in a concentrically layered medium will be analyzed in
order to obtain an approximation for the radial stress at the sur-
face of a slowly expanding spherical cavity in a vertically layered
medium with a plane interface. This approximation will then be used
to construct a simple equation of motion for a rigid cylindrical
projectile (with a conical or ogival nose shape) which penetrates a
layered target.

SPHERICAL CAVITY EXPANSION IN
A CONCENTRICALLY LAYERED MEDIUM

Consider a slowly expanding spherical cavity surrounded by
an infinite medium composed of two distinct concentric layers
(Figure 1). The materials surrounding the cavity exhibit elastic-

plastic behavior without vol-
ume change (Figure 2). The
geometry is spherically sym-
metric and the material equa~
tion of equilibrium is

do

+=(oc -0 )=0 ()

i 0

J)"’ dr
[ where r is the radial coor-

dinate and Cp and og are
respectively the radial and
circumferential components of
stress. (Compressive stress
and strain are taken to be
positive.) The stress-strain
relation for the material in
the elastic state is

. 2
r

LAYER 2

o - o, = g-E(s: -e,) (2)
. : r 0 3 r 0
Figure 1. Slowly expanding
spherical cavity in a concen-
trically layered medium and in the plastic state it is
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Figure 2. Material response to uniaxial stress

0L 4= ¥ (3)

where E is the elastic modulus, Y 1is the compressive strength,
and €, and €y are respectively the radial and circumferential
strains. Both materials are incompressible, and the relation be-
tween €, and €g 1is

e. * 264 = 0 (L)

Equations 2 and 4 are now combined so that the stress-strain rela-
tion in the elastic state becomes

o, = 0Oy = -2Eee (5)

The circumferential strain at any radial position is given by
e = -1n — (6)
where ro is the initial radial position of a material particle

which has been displaced to position r . Assuming that the spheri-

cal cavity expands from a small initial radius a, to an instantan-

eous radius a >> a, , the principle of conservation of mass re-
quires that

r° —r” =a” -a” ®a (7)

When Equation 7 is rearranged, it follows that
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-3
ED = %-ln (l - i3> (9)

Restricting attention to small strains in the elastic state, Bqua-
tion 9 is further approximated by

3
~_2Lla
¢ ~ T3 3 z0)

and the stress-strain relation in the elastic state now becomes

g
2 a .
6 -0 3 E 3 (&)

Combining Equation 1 alternately with Equations 3 and 11, the mate-
rial equation of equilibrium in the plastic state is

dor 5
ol (12)
and in the elastic state it is
do 3
B o i oy B
ar -~ 3 E rh (13)

Each material layer may contain distinct elastic and
plastic regions (Figure 3) which are separated by spherical plastic
"fronts" located at r =b and r = k 1in layers 1 and 2, respec-
tively. It is obvious from Figure 3 that b < h since the plastic
region in layer 1 cannot extend beyond the location of the layer
interface at r = h . Similarly, it follows that k > h in layer 2.
Evaluating Equations 12 and 13 at r =b and r = k and equating
the right-hand sides at each of these locations, then it is found

that
op_ \1/3 B 3 .
b=a e s S =5 (1k)

EYE 3Yl a3
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Figure 3. Location of concentric elastic and
plastic regions surrounding cavity

LAYER 2

—-—-u——"

2F 3
= g <
1 a
and that
2F 8
- na Wa
k=nh, X, S (16)
a
<2E2>l/3 °E, 3
k = al= s B 2 e (17)
3Y‘,2 3Y2 a3

where the subscripts 1 and 2 indicate the evaluation of quantities
in layers 1 and 2, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>